The barotropic processes associated with the development of a precipitation system are investigated through analysis of cloud-resolving model simulations of Mei-yu torrential rainfall events over eastern China in mid-June 2011. During the model integration period, there were three major heavy rainfall events: 9-12, 13-16 and 16-20 June. The kinetic energy is converted from perturbation to mean circulations in the first and second period, whereas it is converted from mean to perturbation circulations in the third period. Further analysis shows that kinetic energy conversion is determined by vertical transport of zonal momentum. Thus, the prognostic equation of vertical transport of zonal momentum is derived, in which its tendency is associated with dynamic, pressure gradient and buoyancy processes. The kinetic energy conversion from perturbation to mean circulations in the first period is mainly associated with the dynamic processes. The kinetic energy conversion from mean to perturbation circulations in the third period is generally related to the pressure gradient processes.
Introduction
Barotropic processes represent one of the most important physical process types in the development of precipitation systems. They are described by the kinetic energy conversion between the mean background circulations and perturbation (secondary) circulations associated with vapor condensation and deposition for the production of precipitation. Such kinetic energy conversion is primarily determined by vertical transport of horizontal momentum acting on vertical shear of the mean background horizontal winds (e.g., Pastushkov, 1975) . Barotropic processes may affect the development of precipitation systems through the vertical wind shear of background circulations (e.g., Corbosiero and Molinari, 2002; Lang et al., 2007; Ueno, 2007) . The vertical wind shear may have impacts on the timing of convection (Xu et al., 1992) , the organization of convection (Robe and Emanuel, 2001 ) and rainfall (e.g, Wang et al., 2009; Shen et al., 2011) .
Severe floods and associated natural disasters occur in the Mei-yu season as torrential rainfall frequently occurs over the middle and lower reaches of the Yangtze River during the early season of the NH summer. Zhai et al. (2014) conducted a cloud-resolving model study of a Mei-yu heavy rainfall event that occurred over eastern China in mid-June 2011. During the modeling period, there were three major rainfall events, and they found differences in rainfall types and horizontal scale between the three periods. Wu and Yanai (1994) revealed the effects of vertical wind shear on the development of a precipitation system through the change in vertical transport of horizontal momentum. But does vertical wind shear determine barotropic kinetic energy conversion directly through the change in vertical transport of horizontal momentum? And which physical processes control vertical transport of horizontal momentum?
The objective of this study is to examine the barotropic processes associated with the Mei-yu precipitation system through analysis of the differences in barotropic processes between three rainfall events using the Mei-yu simulation data from Zhai et al. (2014) . The model, large-scale forcing, and sensitivity experiments are briefly described in section 2. The results are presented in section 3. A summary is given in section 4.
Model and experiments
The experiment analyzed in this study was conducted by Zhai et al. (2014) using the 2D version of a cloud-resolving model (Table 1) . The model was integrated with imposed large-scale forcing from 0800 LST 9 June to 0800 LST 20 June 2011. The forcing was averaged in a rectangular box of (30 • -31 • N, 114 • -122 • E) using NCEP/GDAS data. There are three upward motion centers while westerly winds pre-vail (Zhai et al., 2014, Fig. 1 ). The three torrential rainfall events are forced by the three upward motion centers during the model integration period (Fig. 1) . The rainbands are better organized in the third rainfall event than in the two previous rainfall events, while the second rainfall event occupies a larger area than the two other rainfall events. Thus, the model integration period is divided into the three subperiods: 0800 LST 9 June to 0000 LST 13 June (the first period); 0000 LST 13 June to 1200 LST 16 June (the second period); and 1200 LST 16 June to 0800 LST 20 June (the third period). The large-scale forcing is averaged for the three periods and shown in Fig. 2 . The averaged vertical profiles show that westerly winds generally increase with increasing height (Fig. 2a) . Near the surface, averaged zonal winds are zero in the first period and weak easterly winds in the two other periods. In the upper troposphere, the westerly winds in the first period are stronger than in the third period, whereas they are weaker in the second period. The averaged upward motions prevail in the troposphere and reach their maxima around 8 km (Fig. 2b) . Below 10 km, the averaged upward motions in the third period are stronger than in the first period, but they are weaker than in the second period. Above 10 km, the averaged upward motions in the first period are stronger than in the third period, but they are weaker than in the second period. The averaged rain rates are 0.98 mm h −1 in the first period, 1.38 mm h −1 in the second period, and 1.17 mm h −1 in the third period. The rainfall is stronger in the second period than in the two other periods due to stronger upward motions in the second period. The rain rate is about 20% higher in the third period than in the first period, while the upward motions are only slightly stronger in the third period. The difference in vertical wind shear implies barotropic effects on Mei-yu rainfall.
Results
Following Li et al. (2002b) , barotropic conversion between the mean kinetic energy to perturbation kinetic energy can be symbolically expressed by the sum of C u (K, K ) and C w (K, K ), where
and
in which u and w are the zonal and vertical components of wind, respectively; an overbar indicates the model domain mean; a prime indicates a perturbation from the model domain mean; the subscript o is an imposed value from NCEP/ GDAS;
ρ · dz and ρ is height-dependent air density, z t and z b are the heights of the top and the bottom of the model atmosphere, respectively. C u (K, K ) and C w (K, K ) are the barotropic conversions between the mean domain mean kinetic energy (K) and K , respectively, through vertical transport of zonal momentum acting on the vertical shear of imposed horizontal-mean zonal wind, and vertical transport of vertical momentum acting on the vertical shear of imposed horizontal-mean vertical velocity. Since the calculations from Wang et al. (2009) and Shen et al. (2011) indicate C w (K, K ) is negligible, the barotropic conversion from the mean kinetic energy to perturbation kinetic energy term can be simplified to
To examine the contribution from height-dependent kinetic energy conversion to C u (K, K ), we calculate the vertical profile of barotropic kinetic energy conversion (BKEC), which can be written as:
Here, BECK1 is the vertical difference in zonal wind, and BKEC2 is the air density weighted covariance between perturbation zonal wind and vertical velocity or vertical transport of zonal momentum. C u (K, K ) is calculated by vertically integrating BKEC or adding BKEC for all vertical layers in our calculations.
The calculations of BKEC show that the BKEC is generally negative in the troposphere in the first period (Fig. 3a) . In the second period, the BKEC is positive below 4 km but negative above 4 km (Fig. 3b) . The BKEC is generally positive from 1 to 9 km (Fig. 3c) . Since negative and positive 
Model property Description
Model history Originally developed by Soong and Ogura (1980) , Soong and Tao (1980) and Tao and Simpson (1993) , and modified by Sui et al. (1994 Sui et al. ( , 1998 and Li et al. (1999 Li et al. ( , 2002a ) Prognostic equations Potential temperature, specific humidity, perturbation zonal wind and vertical velocity, and mixing ratios of five cloud species Cloud microphysical schemes Lin et al. (1983) , Hobbs (1983, 1984) , Tao et al. (1989) and Krueger et al. (1995) Radiation schemes Chou et al. (1991 Chou et al. ( , 1998 BKEC values indicate kinetic energy conversion from perturbation to mean circulation and from mean to perturbation circulation, respectively, the positive BKEC value denotes a dynamically unstable system and the negative BKEC value represents a dynamically stable system. Thus, the precipitation system is dynamically stable in the first and second periods and dynamically unstable in the third period. The BKEC is associated with the vertical shear of imposed zonal wind (BKEC1) and the vertical transport of zonal momentum (BKEC2), which are time-dependent. Thus, the time-mean BKEC (BKEC hereafter) can be decomposed into the two components
where BKEC1 M and BKEC2 M are the time averages of BKEC1 and BKEC2, respectively, and BKEC1 T and BKEC2 T are the deviations of BKEC1 and BKEC2 from BKEC1 M and BKEC2 M , respectively. In general, BKEC M is out of phase with BKEC T vertically. BKEC M is negative but BKEC T is positive through the troposphere in the first period (Fig. 3a) . BKEC is controlled by BKEC M . In the second period, BKEC M is negative from 2 to 8 km (Fig. 3b) . BKEC T is negative above 7 km, whereas it is positive below 7 km. The negative BKEC is associated with the negative BKEC T above 8 km and BKEC M from 4 to 8 km. The positive BKEC corresponds to the positive BKEC T below 4 km. In the third period, BKEC M is positive throughout the troposphere (Fig.  3c ). BKEC T is negative above 5 km but it is positive below 5 km. The positive BKEC is determined by the positive BKEC M . Since BKEC is controlled by BKEC M , the time-mean BKEC1 and BKEC2 are analyzed (Fig. 4) . The imposed zonal winds increase with increasing height in the three periods (Fig. 4a) . The time-mean vertical wind shear (BKEC1) barely changes in the first period. The time-mean vertical wind shear is similar in the second and third period, except that the vertical wind shear is decreased to zero around 12 km in the second period but around 10 km in the third period. In the second and third period, the vertical wind shear reaches its peak near the surface, reduces in magnitude around 4 km, and reaches a sub-peak at around 8 km. Since the timemean vertical wind shear has the same sign in all three periods, the differences in BKEC M between the three periods are attributable to the differences in BKEC2. The timemean BKEC2 changes from negative values (upward zonalmomentum transport) in the first and second period to positive values (downward zonal-momentum transport) in the third period, through a significant increase in positive BKEC2 from the first and second period to the third period (Fig. 4b) . Thus, the dynamic stability (BKEC M ) of the precipitation system is determined by BKEC2 in this Mei-yu precipitation system.
To further investigate if the vertical wind shear directly affects the BKEC2, or through which physical factors if the vertical wind shear indirectly affects the BKEC2, the tendency equation of BKEC2 is derived from the perturbation momentum equations. Following Li et al. (2002b) , the perturbation momentum equations in the 2D cloud-resolving model can be written by: 
Here, θ is potential temperature, and θ 0 is initial potential temperature; π = (p/p o ) κ and κ = R/c p ; R is the gas constant; c p is the specific heat of dry air at constant pressure p, where p o = 1000 hPa; q v is specific humidity; and q l is the sum of the mixing ratios of cloud water, raindrops, cloud ice, snow and graupel. Multiplying Eq. (5a) by −ρw and Eq. (5b) by −ρu , adding the equations nd taking the model domain mean, the tendency equation of BKEC2 (BKEC2 t ) can be expressed by
where
Here, BKEC2 d , BKEC2 p and BKEC2 b are the contributors to BKEC2 t from the processes related to dynamics, the pressure gradient and buoyancy force, respectively. BKEC2 b can be further partitioned into three terms:
The tendency budget of BKEC2 is integrated with time and each term in the budget has a contribution to BKEC2. BKEC2 p is largely balanced by BKEC2 d in the three periods, indicating the dominance of the processes related to dynamics and the pressure gradient in determining BKEC2. BKEC2 is at least three orders of magnitude smaller than these dominant terms. Negative values of BKEC2 correspond mainly to those of BKEC2 d below 8 km and BKEC2 p above 8 km in the first period (Fig. 5a ), and those of BKEC2 d above 4 km and BKEC2 p below 4 km in the second period (Fig. 5b) . The magnitudes of BKEC2 d and BKEC2 p decrease from the first and second periods to the third period (Fig. 5c ). In the third period, positive values of BKEC2 are mainly associated with those of BKEC2 p in the lower and upper troposphere and BKEC2 d in the mid troposphere. BKEC2 b1 and BECK2 b2 contribute to negative values of BKEC2 in the first and second periods, whereas BKEC2 b2 contribute to positive values of BKEC2 in the third period.
Summary
The barotropic processes associated with the development of a Mei-yu precipitation system are investigated through analysis of conversion between perturbation and mean kinetic energy. The data analyzed are from a 2D cloud-resolving model simulation of three Mei-yu torrential rainfall events that occurred over eastern China in mid-June 2011. The calculations of barotropic kinetic energy conversion show that the precipitation system is dynamically stable (with conversion from perturbation to mean kinetic energy) throughout the troposphere, turns to be weakly unstable in the mid and lower troposphere, and eventually becomes dynamically unstable (with conversion from mean to perturbation kinetic energy) throughout the troposphere.
The vertical wind shear in the simulation period is increased in imposed zonal winds upward, and the magnitude increases in the mid and lower troposphere from the first period to the second period and barely changes from the second period to the third period. The barotropic conversion is determined by vertical transport of zonal momentum acting on the vertical shear of imposed mean zonal wind. Since the upward increase in zonal winds is imposed during the model integration period, the barotropic conversion is controlled by the vertical transport of zonal momentum (vertical zonal-momentum flux or covariance between perturbation zonal wind and vertical velocity). The zonal-momentum flux is changed from upward in the first and second period to downward in the third period, which leads to the change from a dynamically stable system in the first and second period to a dynamically unstable system in the third period.
An equation for predicting the vertical transport of zonal momentum is derived based on prognostic equations of perturbation zonal wind and vertical velocity. The tendency of vertical momentum flux is associated with the processes related to dynamics, the pressure gradient and buoyancy force. The budget analysis of vertical momentum flux reveals that the buoyancy term and pressure gradient term are largely balanced and barotropic stability is mainly related to dynamic processes, whereas barotropic instability is generally associated with the processes related to the pressure gradient.
Since only one torrential rainfall event is analyzed and the cloud-resolving model used is 2D, a 3D model is needed to study different torrential rainfall cases in various climate regimes to validate the results of this study.
